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Vegetally localized RNAs in Xenopus laevis oocytes are involved in the patterning of the early embryo as well as in cell fate specification.
Here we report on the isolation and characterization of a novel, vegetally localized RNA in Xenopus oocytes termed Xvelo1. It encodes a
protein of unknown biological function and it represents an antisense RNA for XPc1 over a length of more than 1.8 kb. Xvelo1 exhibits a
localization pattern reminiscent of the late pathway RNAs Vg1 and VegT; it contains RNA localization elements (LE) which do not match with
the consensus structural features as deduced from Vg1 and VegT LEs. Nevertheless, the protein binding pattern as observed for Xvelo1-LE in
UV cross-linking experiments and coimmunoprecipitation assays is largely overlapping with the one obtained for Vg1-LE. These observations
suggest that the structural features recognized by the protein machinery that drives localization of maternal mRNAs along the late pathway in
Xenopus oocytes must be redefined.
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Asymmetrically localized transcripts with diverse biolog-
ical activities have been identified in a variety of eukaryotic
cell types. In budding yeast, ASH1 mRNA, which encodes a
suppressor of the HO-endonuclease, is actively transported
to the most distal tip of the daughter cell and thereby restricts
mating type switching to the mother cell (Long et al., 1997).
Another well-characterized example is the localization of h-
actin mRNA to the leading edges in chicken fibroblasts,
where it ensures a high local concentration of the protein
product (Kislauskis et al., 1994; Lawrence and Singer,
1986). Several localized RNAs have been identified in the
Drosophila egg, where they determine the anterior–posterior
identities of the future embryo and are involved in the
assembly of the pole plasm, which is inherited to and
determines the primordial germ cells (reviewed in Johnstone
and Lasko, 2001; Mahowald, 2001). The mechanistic fea-0012-1606/$ - see front matter D 2003 Elsevier Inc. All rights reserved.
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between species, and current models describe a requirement
for a cis-acting localization sequence, the involvement of
RNA-binding and motor proteins and the dependence on
intact cytoskeletal elements which direct the localization
process to distinct subcellular regions (reviewed in Farina
et al., 2003; Palacios and Johnston, 2001; Tekotte and Davis,
2002).
In Xenopus oocytes, localized RNAs have been impli-
cated to play a role in the determination of the germ layers
and germ cell fate determination. A number of RNAs like
An1, An2, An3 (Rebagliati et al., 1985), Xlan4 (Reddy et
al., 1992), An4a (Hudson et al., 1996) and PABP (Schroeder
and Yost, 1996) have been described to be enriched in the
animal hemisphere of the oocyte. Another population of
RNAs is detected at the cortex of the vegetal hemisphere.
Transport toward the vegetal cortex is mediated by two
distinct pathways, the early and the late one, respectively.
Transport via the early pathway takes place during early
stages of oogenesis (stage I to early stage III) and is
represented by a growing number of RNAs (e.g. Xcat2,
Xwnt-11, XDazl, Xpat, Xlsirts and others) which become
restricted to the tip of the vegetal cortex in late stage oocytes
(Houston et al., 1998; Hudson and Woodland, 1998; Kloc et
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During stage I of oogenesis, these RNAs are transiently
associated with the mitochondrial cloud, a structure which is
composed of mitochondria, lipids and different electron-
dense materials and which seem to correspond to the polar
granule material in Drosophila or Caenorhabditis elegans.
Characteristically, several of the early localizing RNAs will
become components of the germ plasm and are thought to
play a role in germ cell determination (Houston and King,
2000; Kloc et al., 2002). The translocation of early pathway
RNAs to the mitochondrial cloud is not susceptible to
microtubule or microfilament depolymerizing drugs, al-
though maintenance of these RNAs at the cortex appears
to require intact microfilaments (Kloc and Etkin, 1995; Kloc
et al., 1996).
The second class of vegetally localized RNAs, including
Vg1, VegT and XBic-C transcripts which are involved in
germ layer determination, are transported via the late path-
way, which operates from late stage II to stage IV of
oogenesis (Horb and Thomsen, 1997; Rebagliati et al.,
1985; Stennard et al., 1996; Weeks and Melton, 1987;
Wessely and De Robertis, 2000; Zhang and King, 1996).
In contrast to the early localizing RNAs, these late localizing
RNAs are uniformly distributed throughout the cytoplasm in
stage I oocytes and are excluded from the mitochondrial
cloud. During late stage II and stage III of oogenesis,
mRNAs like Vg1 accumulate in a wedge-shaped region
located between the nucleus and the vegetal pole, which
spatially overlaps with the migration of the islands of the
mitochondrial cloud (Forristall et al., 1995; Kloc and Etkin,
1994, 1995, 1998; Yisraeli and Melton, 1988). In subsequent
stages of oogenesis, late localizing RNAs become restricted
to the entire vegetal cortex of the oocyte. In contrast to the
early pathway, microtubule depolymerizing drugs do affect
the localization of Vg1 mRNA to the cortex of the vegetal
hemisphere (Yisraeli et al., 1989, 1990).
Interestingly, fatvg mRNA, and to some degree also the
recently described Xlerk RNA, exhibits features of both
localization pathways, indicating that they may at least
partially overlap. These RNAs are therefore referred to as
utilizing an intermediate transport pathway (Betley et al.,
2002; Chan et al., 1999).
Cis-acting elements responsible for the subcellular local-
ization in different cell types and organisms have been gen-
erally found to reside in the 3V-UTRs of the corresponding
transcripts, with only few exceptions (Capri et al., 1997;
Chartrand et al., 1999; Gonzalez et al., 1999; Saunders and
Cohen, 1999; Thio et al., 2000). This seems to hold true also
for localized RNAs in Xenopus oocytes (Betley et al., 2002;
Bubunenko et al., 2002; Chan et al., 1999; Hudson and
Woodland, 1998; Kwon et al., 2002; Mowry and Melton,
1992; Zhou and King, 1996a,b). One of the best studied
examples is the Vg1 localization element (Vg1-LE), which
has been delineated to a 340-nucleotide (nt) region that
contains several redundant sequence elements (referred to
as VM1 and E2 elements) (Cote et al., 1999; Deshler et al.,1998; Gautreau et al., 1997; Havin et al., 1998; Mowry and
Melton, 1992). It has recently been shown that the localiza-
tion element of the VegT mRNA also contains such elements,
and it has been proposed that RNAs which belong to the same
localization pathway make use of the same cis-acting ele-
ments and trans-acting factors (Bubunenko et al., 2002;
Kwon et al., 2002). Clusters of CAC-containing repeats have
been detected in localized RNAs and, more specifically, in
their localization elements. Such repeats have therefore been
predicted to define a conserved signal for RNA localization in
chordates (Betley et al., 2002). In a first attempt to isolate
transacting factors mediating the vegetal translocation, six
proteins with specific UV cross-linking activity to the 340-nt
Vg1-LE have been identified (Mowry, 1996). One of these,
the RNA-binding Vg1RBP or VERA protein, has been
purified by affinity chromatography and found to contain
two RRM and four KH domains (Deshler et al., 1998; Havin
et al., 1998). A second Vg1-LE interacting protein, which has
been purified via its ability to bind predominantly to the
pyrimidine-rich VM1 element, is VgRBP60, which contains
four RRMdomains and is highly related to the human hnRNP
I and PTB (polypyrimidine tract binding protein) (Cote et al.,
1999). Additional proteins with Vg1-LE-binding activity are
the proline-rich RNA-binding protein Prrp and the recently
described VgRBP71/KSRP, which have been identified by
screening a cDNA expression library for Vg1-LE interacting
proteins (Kroll et al., 2002; Zhao et al., 2001). Very recently,
it has been reported that Vg1RBP71/KSRP has a role in the
translational regulation of Vg1mRNA, rather than directly
participating in the transport process itself (Kolev and Huber,
2003).
In this study, we report on the isolation of a novel
vegetally localized RNA, Xvelo1, that makes use of the late
localization pathway. By microinjection experiments, we
show that Xvelo1 bears two localization elements of differ-
ent efficiency in its 3V-untranslated region. One of these was
characterized in further detail and was delineated to a 75-nt
segment. The protein pattern observed for the Xvelo1-LE in
UV cross-linking experiments is partially overlapping with
the one observed for Vg1-LE. In coimmunoprecipitation
experiments, Prrp is found to interact strongly with both
Xvelo1-LE and Vg1-LE.Materials and methods
Preparation of Xenopus laevis oocytes
Ovaries were obtained from pigmented or albino X.
laevis. The ovarial lobes were collagenase treated for up to
2 h in 1 mg/ml Collagenase (Sigma) containing collagenase
buffer (82.5 mM NaCl, 2 mM KCl, 1 mM MgCl2, 5 mM
HEPES [pH 7.5]) and kept after several washing steps at
18jC in 1  MBSH (80 mM NaCl, 1 mM KCl, 2.4 mM
NaHCO3, 20 mM HEPES [pH 7.5], 0.82 mM MgSO4, 0.33
mM Ca(NO3)2, 0.41 mM CaCl2).
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Fig. 1. Nucleotide and predicted amino acid sequence of Xvelo1 and expression analysis. (A) Nucleotide and deduced amino acid sequence of the Xvelo1
cDNA clone (accession number: AY280864). The start codon is marked by bold letters. An upstream stop codon of the same reading frame is marked by a box.
The stop codon is marked by an asterisk. A fragment which directs weak vegetal localization is underlined; the 75-nt fragment (nt 2592–2666), which directs
efficient vegetal localization, is underlined and shown in italics. (B) Schematic representation of the Xvelo1 cDNA and alternative gene products. 5V-UTRs,
ORFs and 3V-UTRs of the cDNAs are shown in yellow, blue and red, respectively. Probably as a result of an alternative splicing event that results in a
frameshift, the putative Xvelo1 isoform (accession number: AY280865) gives rise to a shorter protein which differs in its C-terminal region, as is indicated by
light blue colour. Positions of oligonucleotides used for RT-PCR analysis are indicated and marked by arrows (P1-f and -r, P2-f and -r and P3-f and -r,
respectively). (C) Temporal expression of Xvelo1 mRNA during embryogenesis. RT-PCR analysis with RNA preparations from staged embryos (embryonic
stages indicated according to Nieuwkoop and Faber, 1967; C, H2O-control). As depicted in B, P1, P2 and P3 forward (f) and reverse (r) primers detect either
both Xvelo1 messages (P1) or are specific for the larger form of Xvelo1 mRNA (P2). The 283-bp products amplified with P3 primers from the spliced isoform
are shown in the third row (P3). Control RT-PCR reactions with primers specifically for H4 (H4).
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To prepare a cDNA library enriched for cortically and
vegetally localized RNAs, vegetal oocyte cortices were
prepared according to a procedure described by Zhang
and King (1999). Manually defolliculated stage VI oocytes
were cut into halves with scalpel blades in P10EM buffer
(100 mM PIPES [pH 6.9], 10 mM EGTA, 1 mM MgSO4)
and transferred onto a piece of a cellulose acetate mem-
brane. The cortices were flattened by use of a hairloop and
by gentle pressing with a coverslip. After the cortical
halves were freed from yolk by several buffer changes,
they were collected in a small droplet of P10EM on
parafilm and frozen with dry ice. In this way, 25 vegetal
cortices in total were collected. For RNA preparation, the
vegetal cortices were homogenized with syringe needles in
500 Al proteinase K buffer (50 mM Tris/HCl [pH 7.5], 5
mM EDTA [pH 8.0], 1% SDS; 4 M urea) containing 50
Al (30 mAnson-U) proteinase K (Merck, Germany) and
incubated at 56jC for half an hour. After several extrac-tions with acid phenol, phenol/chloroform/isoamyl alcohol
and chloroform/isoamyl alcohol, the RNA was precipitated
with ammonium acetate and ethanol and dissolved in
DEPC-treated H2O. Two micrograms of total RNA of this
preparation was used for the construction of a SMART
cDNA phage library (Clontech) according to the manufac-
turer’s protocol. To prepare a cDNA library representing all
transcripts present in the X. laevis oocyte, approximately
0.5 ml collagenase-treated stage V/VI oocytes were ho-
mogenized in a total volume of 5 ml extraction buffer (50
mM Tris/HCl [pH 7.5], 5 mM EDTA [pH 8.0], 40 mM
NaCl, 0.5% SDS) containing 500 Al proteinase K (Merck)
and incubated for 1 h at 45jC. After several extraction
steps with acid phenol, phenol/chloroform/isoamyl alcohol
and chloroform/isoamyl alcohol, the RNA was precipitated
by adding an equal volume of 8 M LiCl. After dissolving
and reprecipitating the RNA with ammonium acetate, the
RNA was treated with DNAse in RNase-free DNAse buffer
(400 mM Tris/HCl [pH 8.0], 60 mM MgCl2, 100 mM
NaCl; 1 mM CaCl2). After phenol/chloroform extraction
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cellulose according to Sambrook et al. (1998). Five micro-
grams of poly(A)+ RNA was used for the construction of a
EZAP cDNA library according to the manufacturer’s pro-
tocols (Stratagene).
Preparation of antisense RNA probes and whole mount in
situ hybridization
For the in situ hybridization-based screening, the phage
cDNA library was subjected to a mass excision in BM25.8
cells (according to the Clontech protocol) and single
bacterial colonies were then picked and grown in 100
Al LB medium in microtiter plates. These bacterial sus-
pensions served as templates for insert amplification
by PCR using the following vector specific primers:
5VETriplEx2-LD, 5V-CTCGGGAAGCGCGCCATTGT-
GTTGGT and 3VETriplEx2Seq, 5V-TAATACGACTCAC-
TATAGGGC. These PCR products then served as
templates for the subsequent in vitro transcription of labeled
whole mount in situ antisense probes using the Stratagene in
vitro transcription kit and fluorescently labeled or digoxy-
genin-modified rUTP (see Hollemann et al., 1999 for a more
detailed description). Alternatively, the antisense transcripts
were generated from linearized plasmids containing either
the full-length sequence or fragments of the corresponding
cDNAs. Whole-mount in situ hybridizations were carried out
as described in Harland (1991) and Hollemann et al. (1999).
Proteinase K treatment of oocytes was carried out for 7 min
in 0.5 Ag/ml Proteinase K containing PBS/Tween. In situ
hybridizations were performed either in 5-ml screw cap glass
vials or 24-well cell culture plastic plates. After the colour
reaction, the specimens were photographed using a digital
video imaging system.
RT-PCR expression analysis
Total RNA from embryos and tissues was isolated as
described (Hollemann et al., 1998). The RT-PCR was carried
out using the Gene Amp RT-PCR kit from Perkin Elmer
Cetus following the manufacturer’s protocol. First-strand
cDNA was synthesized from 0.5 Ag RNA using random
hexanucleotides as primers. The amplification reactions were
done in a 25-Al reaction volume containing the appropriate
primer mix for the Xvelo1 message covering nt 24–452 (5V-
TAAAAATGAACACGACGGCACCTC and 5V-CACAGC-
CTTTACCGTCTGAACTATGT, resulting in a DNA prod-
uct of 429 nt in length). A second set of primers was
employed which covers nt 900–1918 and therefore should
only detect the Xvelo1 message but not the spliced isoform
(5V-AAACAGAAACCCAAACCACAATAG and 5V-TTCT-
TTTACAGGCCATCCAACAAT, resulting in a DNA prod-
uct of 1019 nt in length). A third primer pair was used that
gives rise to a 283-nt product, which is specifically amplified
from the spliced isoform of Xvelo1 (5V-AGACGG-
TAAAGGCTGTGATGGA and 5V-TCTGGGAATTTG-GGTTTAGCA). Histone H4 primers served as a control
(5V-CGGGATAACATTCAGGGTATCACT and 5V-
ATCCATGGCGGTAACTGTCTTCCT) and give rise to a
DNA product of 189 nt in length.
Cloning procedures
For localization element mapping experiments, the vector
pBK-CMV (Stratagene) was used for subcloning different
subfragments of the Xvelo1 cDNA. For the detection of
injected RNAs, all constructs contain a 320-nt fragment of
the open reading frame of the bacterial lacZ gene, which has
been amplified from the pAX4a plasmid (Markmeyer et al.,
1990) with forward primer 5V-TTGGCGCGCATGAT-
TACGGATTCACTGGCCG and reverse primer 5V-
CGGGATCCGACCGTAATGGGATAGGTTACG, and
inserted into BssHII and BamHI sites of the corresponding
pBK-CMV plasmid. Subfragments of the Xvelo1 cDNA
were generated by PCR and ligated into BamHI/XhoI sites
of the pBK-CMV vector containing the 320-nt lacZ se-
quence. The Vg1-LE was amplified with the following PCR
primers from a cDNA clone of the vegetal cortex library,
which contained the 3V-UTR of Vg1-LE in addition to a
fragment of the coding region: 5V-CGGGATCCTATTTC-
TACTTTATTTCTACACTG and 5V-CCGCTCGAG-
CAAGTCATATGGACTATTATATAT and ligated into
BamHI/XhoI sites of the lacZ tag containing pBK-CMV
derivative as described above.
For coimmunoprecipitation experiments, the proteins had
to be produced by in vitro translation and required an epitope
tag for the immobilization to the protein G-Sepharose. To
obtain an in vitro translatable myc-tagged version of the
Vg1RBP protein, a NcoI/XhoI fragment of the corres-
ponding Vg1RBP cDNA in pET21a+ vector (Havin et al.,
1998) was subcloned into the pCS2+MT vector (Rupp et al.,
1994). For the in vitro translation of Prrp, the pMT-21
plasmid was used, which contains the Prrp coding sequence
fused to a repeated myc epitope tag at its C terminus (Zhao et
al., 2001). For the in vitro translation of the recently
identified VgRBP71 (FBP2/KSRP), the corresponding cod-
ing sequence was cut out with NdeI and XhoI from the
pET23a-KSRP vector (kind gift from Paul W. Huber),
overhanging ends were filled in by Klenow polymerase
and ligated into the XhoI linearized and filled in pCS2+MT.
The poly-myc-tagged ribosomal protein L5 binds to 5S
rRNA and served as a negative control here (Claussen et
al., 1999).
Synthesis, injection and detection of lacZ-tagged RNA
constructs
Capped RNAs for injection into Xenopus oocytes were
prepared by in vitro transcription using the T3 mESSAGE
mMACHINE kit (Ambion) according to the manufacturer’s
instructions. Oocytes were obtained from albino female X.
laevis and staged either manually by visual inspection or by
Fig. 2. Xvelo1 encodes a vegetally localized RNA in Xenopus oocytes.
Whole-mount in situ hybridization was carried out using albino oocytes of
different stages. (A) In stage I oocytes, Xvelo1 RNA is only weakly
expressed but is excluded from the mitochondrial cloud (arrows). The cell
nucleus is marked by dashed line in one oocyte as example. Bar represents
approximately 0.1 mm. (B) In early stage II oocytes (example marked by a
red arrow), Xvelo1 RNA is distributed throughout the cytoplasm. In later
stage oocytes (early and late stage III; examples marked by green arrows),
the transcripts become enriched at the vegetal cortex and localize in a
narrow arc in stage IV–Voocytes (example marked by a black arrow). Bar
represents approximately 1 mm. (C) In stage VI oocytes, Xvelo1 can be
detected at the cortex of the vegetal hemisphere. Indentations are due to the
fixation process and typically reside at the animal hemisphere where the
oocyte nucleus resides. Bar represents approximately 1 mm.
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performed using an Eppendorf Transjector 5246 injection
system. For injection, oocytes are placed into a small petri
dish containing a fixed nylon sieve. 0.05–0.1 ng RNA in a
0.5–1 nl volume was injected into the nuclei, depending on
the oocyte size. Injected oocytes were incubated at 18jC for
2–3 days in vitellogenin-enriched L-15 culture medium
(50% L-15 medium, 1 mM L-glutamine, 1 Ag/ml insulin,
15 mM HEPES [pH 7.8], 100 Ag/ml gentamycin, 50 Ag/ml
tetracycline, 50 units/ml nystatin, 5 mg/ml isolated vitello-
genin) as described previously (Wallace et al., 1980; Yisraeli
and Melton, 1988). Frog vitellogenin was prepared as
described in Kloc and Etkin (1999). Injected RNAs were
detected after incubation for 2–3 days by whole-mount in
situ hybridization using a digoxygenin-labeled lacZ anti-
sense probe.
UV cross-linking assays and coimmunoprecipitation
experiments
For the preparation of Xenopus oocyte S100 extracts,
collagenase-treated oocytes were homogenized on ice with
syringe needles of different sizes in an equal volume of S100
buffer (50 mM Tris/HCl [pH 8.0], 50 mMKCl, 0.1 M EDTA,
25% w/v glycerol, protease inhibitors). After a 15-min
centrifugation in a tabletop cooling centrifuge (1900  g),
the supernatant was centrifuged for 2 h at 100000  g in a
Beckman ultracentrifuge. The protein concentration was
measured by the Bradford method and aliquots were frozen
in liquid nitrogen and stored at 70jC until use. The S100
extracts were typically 10–15 mg/ml in total protein.
Radioactively labeled RNA probes were synthesized by
in vitro transcription using the Stratagene in vitro transcrip-
tion Kit, according to the standard reaction protocol. Tem-
plate plasmids were linearized and transcribed by run-off
transcription using T3 phage polymerase. For each labeling
reaction, 5 Al of 20 ACi/Al [a32P]UTP (Amersham Bioscien-
ces) was used. To remove unincorporated nucleotides, the
32P-labeled transcripts were purified either by MicroSpin G-
50 columns (Amersham Biosciences) or by using RNeasy
mini columns (Qiagen).
In vitro UV cross-linking reactions were performed based
on the protocol described in Mowry (1996), and they
contained 5 mg/ml heparin, 1% glycerol, 50 mM KCl, 10
mMDTT, 5.2 mMHEPES [pH 7.9], 40 Ag/ml yeast tRNA as
competitor, different in vitro transcribed specific competitor
RNAs (2.25–2.5 Ag) and 25% S100 oocyte total protein
extract (f20 Ag) in an end volume of 10 Al. The in vitro
binding reactions were preincubated for 10 min at room
temperature before adding the radioactively labeled RNA
transcripts (usually 200000–250000 cpm; approximately
0.05 Ag). After 10 min incubation at room temperature,
RNAs were cross-linked for 10 min at room temperature in
a Stratalinker (Stratagene) with a 9-cm distance from the
bottom of the reaction tube to the UV bulbs. Afterwards, 1
Al RNAse A (1 mg/ml) and 1 Al RNAse T1 (100000 U/ml)
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linked proteins were separated by SDS-PAGE (10% gels)
and analyzed by phosphoimaging (Molecular Dynamics).
For the coimmunoprecipitation experiments, myc-tagged
Vg1RBP, Prrp, KSRP and L5 were in vitro translated using
the TNT coupled transcription and translation system (Prom-
ega). Two hundred thousand to 250000 cpm of the appro-
priate 32P-UTP-labeled RNAs as well as 2 Al of 5  UV
cross-linking mix as described above were added to a 12.5
Al TNT reaction and adjusted to a total volume of 20 Al and
incubated for 1 h at 20jC. Afterwards, the binding reactions
were transferred onto an anti-myc-immunopellet in 400
Al NET 2 buffer (50 mM Tris/HCl [pH 7.4], 150 mM NaCl,
0.05% NP40, protease inhibitors). For the preparation of
anti-myc-immunopellets, 15 Al of protein G-Sepharose
(Amersham Biosciences) per pellet was prewashed with
NET 2 buffer and incubated with 1 Al of a monoclonal
anti-c-myc antibody M5546 (Sigma) per pellet. After 2
h incubation and several washing steps with NET-2, the
Sepharose was aliquoted and stored at 4jC until use.
Immunoprecipitations were incubated with rotation for 1
h at 20jC. Twenty microliters of the supernatant containing
unbound RNA was phenol/chloroform extracted and ana-
lyzed on a separate denaturing PA-gel. The pellets were
washed three times with NET 2, and after elution with 200
Al NET 2 containing 1% SDS, the bound RNA was phenol/
chloroform extracted, precipitated and analyzed by denatur-
ing urea PAGE (6–8%) and phosphoimaging.Results
Xvelo1, a novel vegetally localized RNA in X. laevis oocytes
To identify novel RNAs which localize to the vegetal
cortex of X. laevis oocytes, a cDNA library which is enriched
for RNAs localizing to the vegetal cortex was generated.
Individual clones of this cDNA library were isolated and
antisense RNA probes were generated for in situ hybridiza-
tion using staged oocytes. By screening 400 individual
clones, we reisolated the previously known localized tran-
scripts encoding Vg1 and VegT (Horb and Thomsen, 1997;
Lustig et al., 1996; Stennard et al., 1996; Weeks and Melton,
1987; Zhang and King, 1996), a putative isoform of the
localized DEADSouth RNA (MacArthur et al., 2000), as
well as three novel RNAs which exhibit an intracellular
distribution typical for late and early pathways, respectively.
A corresponding full-length clone of one of the late localiz-Fig. 3. The 3V-UTR of Xvelo1 contains two vegetal localization signals. RNAs are
albino oocytes. Efficient vegetal localization was observed in oocytes injected with
a fragment containing the nucleotides 2592–2704 (E) and a fragment of the 3V-UT
scheme below. A weaker localization was observed for a fragment of the 3V-UTR
scheme below. No localization has been observed with a construct containing the
drawing of the constructs used for Xvelo1 localization element mapping experim
respectively. The corresponding nucleotide positions of the Xvelo1 cDNA are inding transcripts (6E) was isolated by PCR-mediated screening
methods from a X. laevis oocyte cDNA library. This cDNA
comprises 2704 bp in length compared to the 1317 bp clone
isolated from the vegetal cortex library. A start methionine
codon with an upstream in-frame stop codon could be
defined at nucleotide position 28. Translation of the open
reading frame predicts a sequence of 779 amino acids with a
calculated molecular mass of 88.3 kDa (Fig. 1A). A database
analysis using the BLAST program (Altschul et al., 1990)
does not reveal protein sequences related to this clone and
also no conserved protein motifs, except for the existence of
lower score proline-/glutamic acid-rich regions spanning
amino acid positions 6–96 and 554–587, respectively,
which have been detected by a PROSITE Motif scan search
(Falquet et al., 2002). Because of the lack of conserved
protein motifs and the lack of homologues in other species,
this RNA 6E is named Xvelo1 according to its vegetal
localization in Xenopus oocytes.
Interestingly this protein shares its genomic locus with
Xenopus Polycomb XPc1 (Strouboulis et al., 1999), but is
transcribed from the opposite direction into the region
corresponding to the extremely large 3V-UTR of the XPc1
cDNA (Fig. 1B). The cDNA clones isolated from vegetal
cortex and oocyte cDNA libraries, respectively, seem to
reflect alternative splicing events and conceptual translation
of these sequences results in two protein products of
different size and with a distinct carboxy-terminal sequence
(Fig. 1B).
To determine the temporal expression of Xvelo1 during
embryogenesis and in adult tissues, RT-PCRs were per-
formed using transcript specific primers and RNA prepared
from different embryonic stages and adult tissues. High
levels of RNA can be detected in unfertilized eggs, during
blastula stages and until gastrulation (Fig. 1C). The expres-
sion level of Xvelo1 mRNA declines during midgastrula
stages and is hardly detectable after early neurula stages,
indicating that Xvelo1 is only transcribed maternally. Three
different sets of RT-PCR primers were used to distinguish
between the two Xvelo1 transcripts (Fig. 1B). Both Xvelo1
isoforms exhibit similar temporal expression patterns during
embryogenesis. Analysis of expression in different tissues of
the adult animal revealed strong expression of both Xvelo1
messages in ovaries and to a lower extent also in testis, but
not in other tissues (data not shown).
In stage I oocytes, Xvelo1 RNA can be detected through-
out the cytoplasm but is excluded from the mitochondrial
cloud, where RNAs of the early localization pathway accu-
mulate (Fig. 2A). Localization starts during late stage II ofvisualized by whole-mount in situ hybridization after injection into stage III
transcripts containing the Xvelo1 full-length sequence (A), the 3V-UTR (C),
R containing the nucleotides 2592–2666 (F); these are scored with + in the
containing the nucleotides 2369–2462 (D), which is scored as (+) in the
5V-UTR + ORF (B). Bar represents approximately 500 Am. (G) Schematic
ents. 5V-UTR, ORF and 3V-UTR are represented by yellow, blue and red,
icated.
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vegetal cortex (green arrows in Fig. 2B). During stage III–
IV of oogenesis, the RNA becomes distributed throughoutthe whole cortex of the vegetal hemisphere, where it remains
until stage VI (Fig. 2C). According to these localization
features, such as exclusion from the mitochondrial cloud in
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hemisphere in later stages, the Xvelo1 RNA can be classified
as a late pathway RNA, falling into one group with Vg1
mRNA.
The 3V-UTR of the Xvelo1 transcript directs vegetal
localization in Xenopus oocytes
To identify the RNA sequence elements of Xvelo1 RNA
responsible for the transport via the late localization pathway
and anchoring to the vegetal cortex, microinjection experi-
ments were performed (Fig. 3). For these experiments,
different derivatives of the Xvelo1 cDNA were cloned
behind a 320-bp fragment of the lacZ gene and the
corresponding in vitro transcribed capped mRNAs were
injected into the nuclei of stage III oocytes. Localization of
injected chimeric RNAs was detected by whole-mount in
situ hybridization using a lacZ specific antisense probe. The
full-length Xvelo1 lacZ-tagged transcript localizes mainly to
the cortex of the vegetal hemisphere and therefore reprodu-
ces the distribution of the endogenous Xvelo1 mRNA (Fig.
3A). Next, we asked which region of the Xvelo1 RNA
contains the localization signal. As shown in Figs. 3B and
C, the 3V-UTR localizes to the vegetal cortex, with an
efficiency comparable to the full-length construct, while
the 5V-UTR plus ORF is not sufficient for localization.
Therefore, we conclude that the localization signal of the
Xvelo1 RNA resides in its 3V-UTR.
Deletion analysis identifies a 75-nt localization element in
the 3V-untranslated region of the Xvelo1 RNA
To delineate the localization signals within the 3V-UTR of
the Xvelo1 RNA, different overlapping fragments of the 3V-
UTR were constructed and tested for vegetal localization
(Fig. 3G). A fragment of the 3V-UTR containing nt 2369–
2462 bears only weak localizing activity; only part of the
corresponding transcript accumulates at the vegetal cortex,
while another portion can be detected also in the animal
hemisphere (Fig. 3D). Conversely, a fragment of the Xvelo1
3V-UTR, comprising only 75-nt in length (nt 2592–2666), is
sufficient to drive efficient vegetal localization and was
therefore analyzed in further detail (Fig. 3F). Deleting
additional 19 nt at the 3V end of this localization element
(nt 2592–2647) results in a loss of localization. Constructs
with further 5V deletions or coupled 5V and 3V deletions also
lose their ability to localize (Fig. 3G). Comparison of this
localization element in the Xvelo1 RNA with the localiza-
tion elements of other vegetally localized mRNAs that have
been defined previously, does not reveal any significant
primary sequence homology. Using the computer-based
secondary structure prediction programme MFold (Zuker,
2003), a putative hairpin structure is predicted to be formed
(Fig. 4A). However, the stem-loop alone is not sufficient for
vegetal localization (compare fragments nt 2592–2666 and
nt 2628–2666 in Fig. 3G).To test if this stem-loop structure in the Xvelo1-LE is
critical for vegetal localization, point mutations, which
should disrupt the formation of the stem-loop structure,
were introduced. As compared to the 75-nt wt LE, these
mutations do indeed significantly reduce the efficiency of
vegetal localization, with a very weak localization effect
observed in only a few oocytes of each injection series (Fig.
4). However, secondary point mutations, which restore the
stem-loop structure, did not result in a noticeable increase of
localization activity (Fig. 4), indicating that probably both,
secondary structure as well as nucleotide identities, contrib-
ute to the function of the Xvelo1 localization element.
Specific oocyte proteins are cross-linked to the Xvelo1-LE
To identify RNA-binding proteins that specifically inter-
act with the localization element of the Xvelo1 RNA and
may therefore play a role in the transport process, different
types of in vitro RNA-binding assays were performed.
Radioactively labeled localization element probes were
incubated with crude S100 oocyte extract, followed by
UV cross-linking, analysis by PAGE and phosphoimaging.
Due to their prior use in injection experiments, all RNAs
tested contain the 320-nt lacZ tag. As shown in Fig. 5, the
lacZ tag alone, which has also been used as a negative
control in injection experiments, binds to a subset of
proteins which is dominated by a pair of proteins migrating
with an apparent molecular weight of 54 and 56 kDa. These
presumably correspond to the very abundant RNA-binding
FRGY proteins, as has been described previously (Bubu-
nenko et al., 2002; Cote et al., 1999; Marello et al., 1992).
Binding of these proteins can be significantly reduced in the
presence of excess unlabeled lacZ tag competitor RNA but
not in the presence of excess tRNA competitor (Fig. 5, lanes
1 and 2 and data not shown). RNA containing the 75-nt
Xvelo1 localization element cross-links to at least five
additional proteins which are also detectable in the presence
of excess lacZ tag RNA, but are competed by a surplus of
specific lacZ-Xvelo1-LE competitor (Fig. 5, lanes 5, lanes 3,
4 and 5). These proteins migrate with an estimated size of
33, 69, 78, 140 and 190 kDa (Fig. 5, lane 4, marked by
asterisks and dots, respectively); cross-linking activity was
found to vary with different S100 protein preparations, and
the two weakly interacting proteins of 140 and 190 kDa
have been found to cross-link reproducible solely with one
batch of S100 (proteins marked by dots in Fig. 5, lane 4).
Weak binding of lower molecular weight proteins to
Xvelo1-LE, which presumably correspond to the previously
described p36 and p40 that also cross-link to the Vg1-LE,
has been observed only in isolated experiments and is
therefore not indicated here (data not shown). Control
cross-linking with Vg1-LE reproduces the protein pattern
as described previously (Bubunenko et al., 2002; Mowry,
1996) and reveals specific interacting proteins of approxi-
mately 33, 36, 40, 69, 78 kDa, as well a 190-kDa protein
that has not been described before (Fig. 5, lanes 6, 7 and 8;
Fig. 4. Point mutations in the stem-loop of 75-nt Xvelo1-LE affect vegetal localization. (A) The 75-nt Xvelo1-LE (nt 2592–2666) is schematically depicted
and nucleotide positions are indicated in the putative stem-loop structure. Efficient vegetal localization of Xvelo1-LE transcript after injection is shown on the
right hand side. (B–E) RNA constructs with point mutations introduced into the stem-loop region of the 75-nt LE are schematically depicted; invariant
positions are indicated as dots; stem-loop disrupting and restoring point mutations are shown in red letters. Localization of injected transcripts is shown below.
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60-kDa protein VgRBP60 migrates close to the very
abundant p54/p56 proteins and is not visible here (Cote
et al., 1999). We conclude that the Xvelo1-LE seemsto interact with several of the previously described
Vg1RBPs (33, 69 and 78 kDa) but interacts also with
additional proteins that have not been described before
(140 and 190 kDa). On the basis of the size of the cross-
Fig. 5. Xvelo1-LE is recognized by specific proteins from oocyte extract. RNA binding was assayed in vitro by UV cross-linking. RNA-binding reactions
contained 32P-labeled lacZ-tag RNA (lanes 1 and 2), lacZ-tag-Xvelo1-LE (nt 2592–2704) (lanes 3, 4 and 5) and lacZ-tag-Vg1-LE (lanes 6, 7 and 8) transcripts
and S100 extract supplemented with tRNA competitor alone (1, 3 and 6), or tRNA in combination with either non-specific lacZ competitor RNA (lanes 2, 4 and
7) or sequence-specific competitor RNAs (lanes 5 and 8). Cross-linked proteins were analyzed and detected by 10% SDS-PAGE and phosphoimaging.
Specifically cross-linked proteins are marked by asterisks and dots, respectively.
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with 69 and 40 kDa correspond to Vg1RBP/Vera and
Prrp, which are 69 and 39 kDa proteins, respectively.
However, it is unclear whether the protein migrating with
78 kDa corresponds to VgRBP71 which has a predicted
molecular mass of only 71 kDa and therefore should
migrate faster in the SDS-PAGE.
Binding of individual RNA-binding proteins to the Xvelo1
localization element
To assign proteins from the cross-link experiments to
known LE-interacting factors, we analyzed binding of
individual proteins to Vg1 and Xvelo1 LEs by means of
coimmunoprecipitation analysis. Vg1RBP, Prrp, the recently
isolated VgRBP71/KSRP, as well as the 5S rRNA-binding
ribosomal protein L5 used as a negative control, all con-
taining a reiterated N- or C-terminally located myc epitope,
were in vitro translated and incubated with 32P-labeled
RNAs containing either the localization element of Xvelo1
or the Vg1-LE. Because of their prior use during localiza-
tion element mapping studies, these RNAs contain a 320-nt
fragment of the lacZ sequence and therefore, this lacZ
sequence alone served as a negative control in coimmuno-
precipitation experiments. Immunoprecipitation of taggedproteins was tested by labeling with 35S-methionine (data
not shown).
In coimmunoprecipitation experiments (Fig. 6), the non-
specific lacZ control RNA can be found only in the
supernatant of the binding reactions and shows only a weak
background or no interaction with Vg1RBP, Prrp, VgRBP71
and L5. In contrast, the RNA fragment containing the
localization element of Xvelo1 (nt 2592–2704) is strongly
bound by Prrp and shows only very weak interaction with
Vg1RBP, slightly above background levels. No interaction
with VgRBP71 or the 5S rRNA-binding ribosomal protein
L5 can be detected. Interestingly, the Vg1-LE behaves in a
similar manner; it shows a strong interaction with Prrp and
only very weak binding to Vg1RBP. However, Vg1RBP
seems to bear full binding activity, since it efficiently bound
to a LE of an early localizing RNA that has been tested in
parallel (not shown). Because coimmunoprecipitations were
performed with in vitro translated proteins, it is possible that
binding of VgRBP71/KSRP has been competed by endog-
enous KSRP homologues present in the reticulocyte lysate,
and/or the protein may not fold correctly in the TNT lysate.
We conclude that, under the experimental conditions used
here, the localization elements of both late pathway RNAs,
Xvelo1 as well as Vg1-LE, strongly interact with Prrp and
showed only weak interaction with Vg1RBP, although UV
Fig. 6. The Xvelo1 localization element strongly interacts with Prrp. LacZ-
RNA, Xvelo1-LE (nt 2592–2704) and Vg1-LE were radioactively labeled
by in vitro transcription. Vg1RBP, Prrp, KSRP and L5 were produced by
coupled transcription and translation and incubated with these labeled
RNAs. Proteins of the binding reactions were immunoprecipitated via their
myc-epitope tags and unbound (sup.) and coprecipitated (bound) RNAs
were analyzed by denaturing PAGE and phosphoimaging. The different
labeled RNAs are marked on the left hand side; in vitro translated proteins
are indicated on the top panel.
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that is supposed to be identical to Vg1RBP.Discussion
We have isolated a novel RNA referred to as Xvelo1,
which localizes to the vegetal cortical region of Xenopus
oocytes by making use of the late localization pathway. This
RNA encodes a protein product with unknown function. The
fact that database searches revealed no homologues from
other species and that the protein shows no conserved amino
acid features except for two lower score glutamic acid- and
proline-rich regions allows no prediction on its putative
biological function. Interestingly, Xvelo1 shares its genomic
locus with the gene for the Xenopus polycomb protein XPc1,
but is transcribed from the opposite DNA strand. The RT-
PCR expression analysis of Xvelo1 reveals that the RNA is
mainly expressed in the ovary and only to a lesser extent in
the testis. During embryogenesis, Xvelo1 RNA is only
detectable until gastrula and early neurula stages, indicating
that its function may be restricted to early developmentalprocesses. The expression pattern of XPc1 differs from the
one of the Xvelo1 in that XPc1, even though being similarly
expressed during early development with a decline in neu-
rula stages, is again up-regulated in tailbud stages (Strou-
boulis et al., 1999). The fact that Xvelo1 and XPc1 encode
for RNAs which may theoretically form double-stranded
RNA suggests a possible regulatory function. An example of
a regulatory antisense mRNA has been described previously;
an antisense RNA of the fibroblast growth factor transcript,
which itself encodes a putative 25-kDa polypeptide, was
shown to cause the modification of the FGF mRNA during
maturation of the Xenopus oocyte, converting adenine to
inosine in the region of overlap between the sense and
antisense transcripts (Kimelman and Kirschner, 1989).
Localized RNAs are classified as belonging to either the
early or late localization pathway, according to their spatial
distribution during oogenesis. On the basis of the observa-
tion that Xvelo1 RNA is excluded from the mitochondrial
cloud and because of its broader distribution at the vegetal
cortex in later oocytes, it is assigned to the late pathway,
together with the other previously identified Vg1, VegT and
XBic-C RNAs (Weeks and Melton, 1987; Wessely and De
Robertis, 2000; Zhang and King, 1996). As has been
described for several other localized RNAs, the localization
signal of Xvelo1 resides in its 3V-untranslated region within a
relatively short 75-nt element, as well as in a 94-nt region,
which mediates only a weak vegetal localization activity and
may act effectively only in concert with the 75-nt element.
Recently, the existence of a consensus RNA signal that
directs late pathway RNAs to the vegetal cortex of Xenopus
oocytes has been postulated; this concept is based on the
observation that the structural organization of the E2 and
VM1motifs in the VegT-LE is reminiscent of the one defined
for the Vg1-LE (Bubunenko et al., 2002). An independent
analysis of the VegT localization element also supports the
importance of E2 elements for vegetal transport (Kwon et al.,
2002). If this characteristic clustering of E2 and VM1 motifs
in the localization elements of late pathway RNAs reflects a
general feature, one would expect to find the same type of
structural organization also in the localization element of the
late pathway RNA Xvelo1 described here. We do indeed find
several of the E2- and VM1-like motifs as described in
Bubunenko et al. (2002) and Kwon et al. (2002); but these
are dispersed throughout the sequence of the Xvelo1 RNA
and are not enriched in its localization elements. We identi-
fied only one motif which is similar to the VM1-like motifs
(UCUCUCU) in the weak LE of Xvelo1, which is located in
the 5V-region of the 3V-UTR (nt 2369–2462), and one E2-
like motif (UCCAC) in the 75-nt LE (nt 2592–2666).
Therefore, we conclude that the postulated consensus signal
for late pathway RNAs containing a characteristic enrich-
ment of E2- and VM1-like motifs does not apply to the
localization element of the Xvelo1 RNA described here.
A recent publication (Betley et al., 2002) postulates the
existence of a conserved signal for RNA localization in
chordates. On the basis of the observation that short nucle-
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puter program called REPFIND was developed, which
identifies repetitive RNA sequence motifs. Using this pro-
gram, it was shown that clusters of short CAC-containing
motifs can be found in the localization elements of virtually
all localized mRNAs investigated in that study. Our attempts
to identify repeat elements in the overall sequence of Xvelo1
by using REPFIND revealed the existence of a less signif-
icant (compared to repeat clusters found in Xcat2, XDazl and
Xotx1 f.e.) GCAC-containing cluster in the Xvelo1 3V-UTR
(P-score 266 104). Three of these GCAC sequences, two
of them in the context of a AUAGCAC motif, reside in the
75-nt LE, but none of these is found in the 94-nt weak LE. A
large number of CAC-containing repeats exists throughout
the whole sequence of the Xvelo1 RNA, but no significant
clustering of such motifs can be identified in the Xvelo1-LEs
by REPFIND in addition to GCAC. Thus, because the
enrichment of CAC-containing repeats in the LEs of Xvelo1
is not particularly distinctive, and also because there are
other examples of late pathway RNAs, like XBic-C, which
do not exhibit any significant clustering of CAC-containing
repeats (Betley et al., 2002), alternative cis-acting elements
acting to promote the vegetal transport of Xvelo1 and XBic-
C along the late pathway may exist.
Because diverse RNA localization elements can fold into
RNA stem-loop structures (Bullock et al., 2003; Chartrand et
al., 1999; Gonzalez et al., 1999; Macdonald and Kerr, 1998;
Serano and Cohen, 1995), we also analyzed if such structures
reside in the 75-nt LE of the Xvelo1 RNA. Analysis of this
small RNA sequence by using the computer-based second-
ary structure prediction program MFold (Zuker, 2003) in-
deed revealed a putative stem-loop structure. Partial
disruption of the stem-loop structure results in a drastically
reduced transport capability. However, stem-loop-restoring
point mutations were not able to rescue the full transport
capability of the RNA construct, indicating that possibly
both, primary sequence and secondary structure, are impor-
tant for localization activity.
UV cross-linking analysis with the Xvelo1-LE revealed at
least three proteins of 33, 69 and 75 kDa, respectively, which
also interact with the LE of Vg1 and may therefore corre-
spond to proteins that belong to a core localization complex
that is common to different RNAs of the late pathway. In
addition, we detect proteins of approximately 140 and 190
kDa interacting with the Xvelo1-LE. High molecular weight
proteins have been found to interact with Xlsirt RNA after
injection into late stage III oocytes and were predicted to be
RNA-binding proteins of a protein complex involved in the
anchoring step of RNA localization (Bubunenko and King,
2001).
Because UV cross-linking patterns give only information
about the approximate molecular mass of interacting pro-
teins, we studied the binding of isolated known LE-interact-
ing proteins to Xvelo1-LE in coimmunoprecipitation
experiments. Here, it is shown that both, Xvelo1-LE and
Vg1-LE, exhibit the same binding behaviour in this assay.Both show a very strong interaction with Prrp, a RNA-
binding protein known to interact with RNAs of the late
localization pathway (Zhao et al., 2001). Unexpectedly, the
binding of Vg1RBP to Xvelo1-LE and also to Vg1-LE is
only slightly above the background level. However,
Vg1RBP seems to bear full binding activity because it
efficiently bound to an LE of an early localizing RNA that
has been tested in parallel (not shown). Vg1RBP71, the
recently identified homolog of KSRP/FBP2, neither interacts
with Xvelo1-LE nor with Vg1-LE in the coimmunoprecipi-
tation experiments described here. Because binding reactions
were performed with in vitro translated proteins in the
presence of reticulocyte lysate, it may be possible that
proteins from the lysate bound to LE-RNAs and may have
masked binding sites for VgRBP71/KSRP. Alternatively,
VgRBP71 may not be folded correctly into its biologically
active conformation. Both the Xvelo1-LE and the Vg1-LE
bind to a similar set of proteins in the UV cross-linking
analysis; they include the p69 protein that is supposed to be
Vg1RBP. UV cross-linking experiments were performed
with proteins from a S100 total oocyte protein preparation,
and it may be possible that the presence of additional LE-
interacting proteins, which may be components of a core LE-
binding complex, stabilize the binding of Vg1RBP to its
substrate RNAs. Because coimmunoprecipitation experi-
ments have been performed with proteins expressed from
reticulocyte lysate and which may lack important cofactors
present in the oocyte, providing a possible explanation for
the differences in protein binding observed by UV cross-
linking and coimmunoprecipitation analysis.
In conclusion, we find that even though the structural
features of Xvelo1-LE make it clearly distinct from the
previously identified late localization elements in Vg1 and
VegT mRNAs, protein binding characteristics are highly
similar. Thus, the exact nature of the RNA structures that
are recognized by the late localization pathway protein
machinery remains to be defined.Acknowledgments
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